Despite the long-lasting interest in the synthesis control of nanoparticles (NPs) in both fundamental and applied nanosciences, the driving mechanisms responsible for their size and shape selectivity in an environment (solution) are not completely understood, and a clear assessment of the respective roles of equilibrium thermodynamics and growth kinetics is still missing. In this study, relying on an efficient atomistic computational approach, we decipher the dependence of energetics, shapes and morphologies of gold NPs on the strength and nature of the metal-environment interaction. We highlight the conditions under which the energy difference between isotropic and elongated gold NPs is reduced, thus prompting their thermodynamic coexistence. The study encompasses both monocrystalline and multi-twinned particles and extends over size ranges particularly representative of the nucleation and early growth stages. Computational results are further rationalized with arguments involving the dependence of facet and edge energies on the metal-environment interactions. We argue that by determining the abundance and diversity of particles nucleated in solution, thermodynamics may constitute an important bias influencing their final shape. The present results provide firm grounds for kinetic simulations of particle growth.
Introduction
One of the great challenges in nanosciences is to produce sizeand shape-selected nanoparticles (NPs) in a controlled way. 1 This stems from the strong dependence of their properties on these structural characteristics. Among others is the enhanced rate of catalytic reactions as the specific surface area of a NP increases, or the variability of optical properties as a function of electron confinement and/or NP morphology. For example, ZnO NPs have proved to be able to adopt a very wide range of morphologies, such as nanocombs, nanorings, nanohelices, nanosprings, nanobelts, nanowires, nanocages, bipods, tetrapods, etc., 2 to be exploited in new generation devices. Similarly, gold or silver NPs have received much attention in the last few years due to their potential applications in chemical sensing, biological imaging, drug delivery and phototherapeutics. [3] [4] [5] As a consequence, efforts have been made to synthesize them with controlled morphologies, such as spheres, 6, 7 nanorods, [8] [9] [10] [11] [12] [13] pentagonally twinned particles, nanoplatelets, 14 or ultra-thin wires. 15 Shape-selected NPs may be obtained by a variety of techniques, ranging from wet chemical methods to physical vapor deposition, metal-organic chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), etc. 16 The size and shape selection may depend on various factors related to the gaseous or liquid environment they are in contact with, among which are temperature, gas pressure or solution supersaturation, and the presence of capping/surfactant agents. It is far from being clear whether thermodynamics or kinetics drive the final shape and what is the mechanism responsible for symmetry breaking, 17 when the latter takes place. From a theoretical point of view, kinetics is often invoked but rarely quantified. Thermodynamics has been explored in very specific cases. For example, adsorption of noble gas, 18 CO, [19] [20] [21] or thiolate 22 onto gold NPs has been shown to modify the surface energies and thus the Wulff shapes, most often leading to an increase of sphericity of the particles. Adsorption of halides, silver and surfactants onto gold nanorods, on the other hand, was suggested to promote particle elongation. [23] [24] [25] More generally, the identification of equilibrium shapes and structures of NPs in a given environment is a prerequisite to assess the origin of experimentally observed anisotropic NPs and provide firm grounds for any valid analysis of the role of kinetics-and growth-driven effects. Indeed, at thermodynamic equilibrium, the abundance of a given type of particles scales exponentially with their excess energy, according to the Boltzmann distribution. As a consequence, the range of particle types increases rapidly when the dispersion of their excess energies diminishes. The same is true in the nucleation stage where the nucleation barrier is proportional to the excess energy and where the anisotropies of critical nuclei may give rise to a large variety of growth shapes. It is important to stress that standard tools used to determine NP shapes, such as the Wulff construction, may become insufficient and/or inadequate when the surface/edge energy ratio is strongly altered by interaction with the environment and/or when multi-twinned particles are formed.
In this context, the present atomistic study focuses on the thermodynamic stability of different NP families, representative of both monocrystalline (MC) and multi-twinned (MT) structures, with both isotropic and anisotropic (elongated or flattened) shapes. Aside from being a preliminary step to future full-scale dynamic simulations of particle growth, its goal is to highlight mechanisms responsible for a reduction of the NP energy dispersion as a function of the nature and strength of the metal-environment interaction, and to rationalize the trends in terms of the competition between edge and facet energies. Moreover, analyzing the evolution of the particle stability as a function of size, new thermodynamic effects in the small size regime are evidenced, relevant to the nucleation stage. Far beyond the arguments of Wulff, such a study is made possible, thanks to the efficient energetic approach for the metal-environment interaction, 26 allowing the structure and shape optimization of NPs in the size ranging from a few tens up to several thousands of atoms, while mimicking interaction types ranging from covalent-like, through pair-wise, up to strongly coordination-dependent.
The paper is organized in the following way. After a description of the Model and methods in Section 2, a diagram of surface stability is given as a function of the parameters controlling the gold-environment interaction, and the relevant NP facet orientations are identified (Section 3). Then, relying on atomistic simulations, the effect of the environment on the stability of large particles is highlighted (Section 4) and size effects are described (Section 5). A rationale for the computed trends is discussed in terms of facet and edge energies (Section 6) and conclusions are given (Section 7).
Model and methods
Due to the large number of atoms typically involved in NPs in contact with gaseous or liquid environments, a light energetic model is required to allow an efficient simulation of such systems. Following our previous work, 26 we describe metal-metal interactions via a many-body expression derived from the second-moment approximation (SMA) to the tightbinding model [27] [28] [29] [30] [31] and the metal-environment interaction by an additional many-body potential which modifies the energy of the outermost NP atoms in a way which depends on their coordination. In doing so, the species of the environment are not explicitly treated, which alleviates the simulation cost.
More precisely, the total energy E(N) of the system of N metallic atoms is written as a sum over all atoms i in the following way:
In the SMA, the metal-metal interaction potential E MÀM i is the sum of an attractive term due to metallic band formation and a repulsive short-range interaction:
in which r ij is the distance between atoms i and j, r 0 the equilibrium nearest-neighbor distance in bulk and r c a cut-off for interatomic interactions. The parameters relevant for gold, A = 0.08170 eV, z = 1.32795 eV, p = 14.6027, q = 3.12572, and r 0 = 2.89267 Å, and a smooth (polynomial) cut-off of the Au-Au interaction between the fifth and sixth bulk Au-Au neighbor distances were adjusted as in ref. 32 so as to reproduce experimental bulk properties such as cohesion energy, equilibrium lattice constant, elastic constants and surface energies. The interaction between a surface atom of coordination Z i (Z B = 12 is the bulk coordination in gold) and the environment, E MÀE i in eqn (1) , is represented by a coordination-dependent energy term: 26
which is a function of two positive parameters e and p only. In this expression n i = Z B À Z i is a positive decreasing function of Z i , equal to the number of broken metal-metal bonds at site i. This analytic expression may describe various types of particleenvironment interactions. For example, n i may represent the number of bonds between the environment species and the surface atom of coordination number Z i . In that case, e represents the bond strength and p characterizes the bond type (covalent, ionic, pair-wise, etc.). Alternatively, there are situations in which, regardless of their coordination, surface atoms create only a very limited number of bonds with environmental species. This may happen when these species are large or when they favour adsorption onto top surface atoms. In such cases, the number of bonds per surface atom i can be assumed constant, but their strength changes as a function of the local electronic structure of the surface atoms. Indeed, it has been shown that adsorption energies at transition or noble metal surfaces correlate with the center of gravity of the surface d band. 33 Moreover, in simple tight binding models, assuming local neutrality, the shift of the local d band at under-coordinated surface sites can be approximated by a power law of (Z B À Z i ). 34 Whatever is the interpretation of eqn (3), the interaction with the environment gets stronger for more under-coordinated atoms. Since the E MÀE i contribution is negative, it efficiently stabilizes low-coordinated atoms, a very universal property responsible for their higher reactivity. In the following analysis and discussion we have chosen to systematically rely on the first interpretation.
In the present implementation of our model, particularly suited to the quenched molecular dynamics used in motif optimization of particle shape and morphology (see below), Z i does not change during the dynamics and thus it has been simply defined as the number of first Au-Au neighbors (the Au-Au distance smaller than midway between the first and second neighbors in the bulk Au lattice). Additionally, we introduce Z e as the maximum number of bonds that an isolated metal atom can form with the environmental atoms/molecules. For example, in solution, Z e represents the solvation number. Typically, Z e r 8 for water depending upon the size and charge of the metallic atom, whereas Z e { 8 for solvents with larger molecules. Thus eqn (3) applies as such for atoms of coordination Z i Z Z B À Z e . For less coordinated Au atoms, E MÀE i = Àe(Z B À Z e ) p . In the present study on gold NPs we systematically assume Z e = 7, which produces different strengths of interaction with the environment for gold atoms with Z i Z 5.
With this energetic model, the motif optimization approach 35 is used to generate families of isotropic, elongated or flattened closed-shell NPs. First, a variety of initial NPs are generated by a sequence of different rigid truncations of monocrystalline (MC) and multi-twinned (MT) structures, involving different proportions of selected facets, and a single high-symmetry elongation axis, which is {001} for MC particles and the five-fold axis for MT particles. Each of these NPs is then brought to its local energy minimum by quenched molecular dynamics (time step 7 fs), with the initial temperature T B 300 K, tuned so as to preserve the NP core structure, as well as the type and proportion of the exposed facets. The resulting NPs are then assembled into distinct families, according to their length-to-diameter aspect ratio R = 2I z / (I x + I y ), estimated from the components of the diagonalized tensor of inertia I. 36 The most stable particles in each family are then identified by their lowest excess energy: 35
in which E B is the energy of a gold atom in bulk gold and the N 2/3 factor scales as the number of surface atoms. This approach, applicable in the so-called scalable regime, enables a well-founded analysis of family-specific characteristics and, in particular, a study of the relative stability of different families of NPs as a function of their size, shape, and environmental conditions.
Surface energies of gold in contact with the environment
As a prerequisite for the understanding of NP characteristics, this section focuses on the relative stability of semi-infinite gold surfaces in various environments. Fig. 1 displays a map of the most stable surface orientations as a function of (e, p), obtained from calculations performed on about 40 inequivalent surfaces, 26 including both low-index surfaces and a variety of high-index surfaces, with coordination numbers of surface atoms ranging from Z = 9, as at the (111) surface, down to Z = 5 at multi-atomic step edges at (nn0) surfaces (n 4 1). As expected, negative surface energies are found in the top right part of the diagram (white region in Fig. 1 ) and the dense (111) surface is found to be the most stable in its bottom left part, ranging from vacuum (e = 0) up to the limit at which the surface energy becomes negative. Only in environments strongly sensitive to the coordination number (p 4 1), the (100) (Z i = 8) and, to a lesser extent, (210) surface orientations (with its 6-, 9-and 11-fold coordinated atoms) are favored.
In the considered (e, p) range we have selected two series of environments, Fig. 1 . Series I consists of environments Vac (vacuum), (A), (B), and (C), associated with a fixed value of p ( p = 1.5) and variable e values, homogeneously spanning the range from e = 0 (Vac) up to the largest value compatible with the positive surface energies e = 0.06 eV per atom (C). This series enables an explicit analysis of the effect of the interaction strength e and of the change in the most stable facet orientation from (111) to (100) on the NP morphologies. Conversely, series II consists of conditions (a), (b), (c), and (d) for which the nature of the metal-environment bonding varies from interactions strongly sensitive to atom coordination in (a) and (b) ( p Z 1.5), through the first-neighbor pair-wise interactions ( p = 1) in (c), to covalent-line interactions ( p = 1/2) in (d). These four environments have been purposely chosen close to the limit of negative surface energies, so as to make the impact of interaction with the environment better pronounced. Series I and II, which share a single common environment, denoted hereafter (b/B), will be systematically used throughout the paper to study the effect of the environment on the NP stability and shape.
Beyond the information on the most stable surfaces, Fig effects produce numerous environment-driven stability inversions between surfaces of different orientations and, in particular, make the (100) surface the most stable in (b/B) and (C) environments and the (210) one in (a), consistent with Fig. 1 . Aside from the three low-index surfaces (111), (100) and (110), the (210) surface appears among the lowest energy terminations. Since the energy differences between various surfaces in the family of (n10) vicinal orientations (n 4 1) are close to the limit of precision of the present model, we will consider the (210) surface as a representative of this whole family. In an analogous way, the (311) surface (Z = 7 and 10) will be considered as representative of the vicinal (n11) family. In the following study we will systematically use the set of (111), (110), (100), (210), and (311) truncations in the structural motif optimization approach.
Results: large nanoparticles
This section presents the results issued from motif optimization of particles which are relatively ''large'' (size N B 3000 atoms), albeit in the nanoscale range. It successively focuses on the variations of the strength (e parameter) of metal-environment interactions (Section 4.1), the nature (p parameter) of the metalenvironment bonding (Section 4.2), and finally provides results regarding the relative stability of MC versus MT particles (Section 4.3). Fig. 1] , as a function of the strength e of the metal-environment interaction, between the most stable isotropic (R = 1) and anisotropic (R a 1) MC and MT particles, respectively. The corresponding atomistic representations are shown in the lower panels of these figures.
Strength of the metal-environment interaction
The morphologies of isotropic (R = 1), elongated (R = 1.5) and flattened (R = 0.5) MC NPs follow similar trends ( Fig. 3) , with a progressive change from (111)-terminated shapes with only small (100) truncations (Vac) to (100)-terminated cuboids with smaller and smaller (111) facets as e increases. While, under vacuum conditions, isotropic MC NPs are by far the most stable; the excess energy difference D R À D 1.0 diminishes progressively as e increases, due principally to the overall decrease of surface and edge energies (Fig. 2) . Eventually, a stability inversion occurs in (C) where both types of anisotropic NPs (R = 0.5 and 1.5) are energetically favored. Fig. 4 reports the corresponding results obtained for two families of MT particles, one with an aspect ratio equal to 1 and the other consisting of particles elongated along the five-fold axis (R 4 1.0). For the latter, the value of R which minimizes D has been determined for each environment. In vacuum, isotropic MT NPs expose five large (111) facets at each extremity and small (111) and (100) lateral facets. The size of the terminal (111) facets decreases as e increases, while the lateral (100) truncations grow larger. The same is true for the lateral (100) facets of elongated particles, while the facets at their tips evolve from (311) and (110) in (Vac) to (110) only in (A), (b/B) and (C). As for MC particles, the energy dispersion between isotropic and elongated MT (eMT) particles diminishes progressively with an increase in e. D R À D 1.0 changes sign in environment (C).
To summarize, increasing the strength e of the metalenvironment interaction induces a change in the shape and energetics of the NPs. The orientation of the prevailing facets moves from (111) to (100) in MC NPs and the tip facets of MTs evolve from (111) to (311) and (110). Moreover, the increase of e induces a strong overall decrease of excess energy dispersion between particles of different shape and aspect ratio. In the extreme case of the most strongly interacting environment (C), this leads to a stability inversion between isotropic and anisotropic NPs. . Both MC and MT particles evolve in a qualitatively similar way along this series, (210) and (100) facets are dominant in environment (a), the importance of (210) decreases in (b/B) to the benefit of (111) facets, although the latter remain small. Finally, the proportion of (111) facets increases in environment (c) and even more in (d). This sequence closely follows the trends expected from the diagram (e, p) of the most stable surfaces, Fig. 1 .
Nature of the metal-environment interaction
From the energetic point of view, for MC particles, we find a progressive reduction of the excess energy dispersion when going from (a) to (c). Conversely, environment (d) is by far the least favorable to anisotropic shapes. A similar strong preference for isotropic (R = 1) particles in environment (d) is found for MT NPs, Fig. 6 . For these MT particles, the excess energy difference is especially small in the very particular case of environment (a), likely due to the fact that a small elongation (R E 2) allows them to be terminated by the large, most stable (210) facets. To summarize, the nature of the metal-environment interaction impacts the excess energy dispersion between isotropic and anisotropic NPs. For MC particles, a pair-wise metalenvironment interaction [p B 1.0, environment (c)] provides the optimal conditions for an efficient reduction of the energy gap between particles of different shapes and for the stabilization of anisotropic NPs. Conversely, the relative stability of elongated MT particles is optimal in the most stronglycoordination dependent environment (a). For both types of particles, elongated shapes are expected to be the least abundant when the metal-environment interaction is covalent-like (d). Isotropic MT particles are found to be energetically favored over the MC ones only under vacuum conditions, where a high proportion of (111) facets for a minimal particle volume is the main reason of their stability at relatively small sizes. 37 With a growing metal-environment interaction strength (Series I) the isotropic MT particles become progressively destabilized. Conversely, the excess energy of the elongated MT particles, decreases rapidly along Series I. It is worth noticing that this decrease is much more rapid than that of anisotropic MC particles, which results in a net thermodynamic preference for elongated MT particles in an extreme environment (C).
Relative stability of MC and MT nanoparticles
In Series II the reduction of excess energy dispersion between MT and MC particles is not as pronounced. We find that strongly coordination-dependent environments [(a) and (b/B)] produce a somewhat smaller dispersion, but the effect is relatively weak. Conversely, the covalent-like environment (d) is visibly less efficient for the stabilization of elongated MT.
To summarize, aside from vacuum conditions, MT NPs are, in most environments, less stable than their (isotropic) MC counterparts. We find however that strongly coordinationdependent environments efficiently stabilize the elongated MT NPs, which may in extreme cases become thermodynamically favored over isotropic and anisotropic MC particles.
Size effects
Beyond the results regarding ''large'' NPs presented above, this section focuses on other environment-induced effects, explicitly driven by their ''small'' size (smaller than 1500 atoms). For simplicity we will restrict the presentation only to the three families of closed-atomic-shell MC particles (R = 0.5, 1.0, and 1.5) in the scalable regime, and to environments (a), (b/B), and (c) of Series II. Fig. 8 reports the dependence of excess energies on NP sizes, in the range N = 50-1500 atoms. As a reference the corresponding data for N B 3000 are recalled, as well as the results obtained for MC particles in vacuum. In the four depicted cases, the relative stability order and dispersion of the largest (N B 1500) and most stable particles of the three families correspond closely to those obtained for the particles of size N B 3000. This shows that the main size-driven effects indeed take place for N o 1500 atoms.
Superimposed on an overall monotonic variation with size, the excess energies D(N) for the most stable NPs of each family display an oscillatory behavior, characterized by local minima at discrete values of N, well pronounced in environments (a) and (b/B) and systematically deeper for smaller particles.
In vacuum, since the isotropic NPs are by far the most stable, the oscillatory character of D(N) does not impact substantially the energy dispersion between different types of particles. In environment (c), the behavior of D(N) in each family is regular and its oscillation amplitude is smaller than the excess energy difference between the three families. The situation is qualitatively different in environments (a) and (b/B), where the oscillations of D(N) as a function of size become well pronounced. In these cases, the energy dispersion between the three families is strongly size-dependent, as exemplified by the series of stability inversions between isotropic (R = 1.0) and elongated (R = 1.5) particles. For example, in environment (b/B), a well pronounced thermodynamic preference for elongated particles appears at sizes N B 200 and 400 atoms, while at N B 800 and 1300 atoms isotropic and elongated particles are quasi-degenerate.
To summarize, the existence of a strong, size-driven modulation of the excess energy dispersion between isotropic and anisotropic particles has been highlighted. It concerns principally smaller particles (typically, N o 1000 atoms) in environments characterized by a strong dependence on the coordination of metal atoms (p 4 1). In such environments there exist size ranges in which elongated particles are quasi-degenerate with or even more stability than the isotropic ones.
Discussion
The results obtained for the large size regime (N B 3000 atoms) show that the energy dispersion between the most stable elongated and isotropic particles is strongly sensitive to the nature of the metal-environment interaction and its strength. In extreme cases this may lead to stability crossovers between particles of different shapes and types. While such extreme cases were considered in order to make the discussed effects better pronounced, we note that the behavior of excess energy dispersion is continuous along the two considered series. As a consequence, the range of thermodynamically co-existing particle types increases progressively far before these extreme conditions are reached. Similarly, since nucleation barriers are proportional to excess energies, the shape diversity of critical nuclei is expected to increase following the progressive reduction of the excess energy dispersion, giving rise to an increasing diversity of growth shapes.
It is worth reminding that the reported behavior of excess energy and shape dispersion could not have been obtained solely from the surface energy values, Fig. 2 , using the Wulff construction. This evidently concerns the multi-twinned particles whose core is not bulk-like. It also applies whenever a stability inversion or quasi-degeneracy between isotropic and anisotropic particles takes place, as for MC NPs in environments (C) ( Fig. 3) and (c) (Fig. 5 ). Finally, it is also the case of size-driven effects discussed in Section 5.
Two principal effects are to be held responsible for the trends in excess energy and shape reported in Section 4. On the one hand, unsurprisingly, the growing metal-environment interaction strength e leads to an overall reduction of energies of facets and of more under-coordinated atoms (edges and corners). More interestingly, the ratio between these two energies changes in a different manner as a function of the environment nature (parameter p).
For the sake of simplicity, let us consider gold atoms of coordination numbers Z i = 9, 7, and 5, representative of the most dense (Z i = 9) and more open (Z i = 7) facets, and edges between them (Z i = 5), respectively. In analogy to the excess energy of NPs D, the atom formation energy with respect to bulk E B , g i = E i À E B , represents the energy cost (per atom) of the corresponding facets and edges. Since in the case of gold the metal-metal contribution to g i is quasi-linear ( Fig. 2 
2 eV is the proportionality constant deduced from the linear dependence of vacuum surface energies as a function of the number of broken bonds in Fig. 2) , and thus g i takes a simple analytical form: Fig. 9 displays the critical lines at which the formation energies of different types of sites vanish as in the diagram (e/k, p). The regions below and above each critical line correspond to the positive and negative values of the corresponding g i , respectively. This simple scheme can be used to highlight the competition between edges (g edge B g 5 ) and facets (g facet B g 9 ) in determining the relative stability of different particles as a function of environment (e/k, p). First, regardless of the precise value of p, an increase of e/k progressively stabilizes undercoordinated atoms i, which eventually become more stable Fig. 9 Critical lines in the diagram (e/k, p), where the formation energies g i change sign for atoms of coordination numbers Z i = 9 (solid black line), 7 (dashed red line), and 5 (dash-dot green line) of eqn (5) . See text for more details.
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than the bulk ones (negative g i ). As expected, the effect is stronger for environments with p 4 1, while for those with p o 1 a much larger e/k is required to achieve a similar inversion effect. More interestingly, Fig. 9 shows that if p 4 1, the lowercoordinated atoms (e.g., those at the edges Z i = 5) are stabilized more efficiently than the higher-coordinated ones (e.g., those at the facets Z i = 7 and 9). In such environments, g edge /g facet is a decreasing function of e/k and, as a consequence, g edge vanishes or becomes negative before g facet does. This is what happens along Series I, where the extreme environment (C) corresponds to the conditions where g facet values are small but positive, while some g edge values become negative. This competition is the principal driving force for the stabilization of elongated particles. Conversely, in environments with p o 1, g edge /g facet is an increasing function e/k because higher-coordinated atoms are stabilized more efficiently than the lower-coordinated ones. The environment (d) of Series II, which belongs to the region of positive g i , is characterized by edge energies substantially larger than facet energies. Thus it does not produce a strong driving force for stabilization of anisotropic particles. Finally, we note that all critical lines intersect at a single point p = 1 and e = k. In the particular case of pair-wise metal-environment interactions (p = 1), g edge /g facet remains constant as a function of e/k and the excess energies of all types of sites vanish at the same value of e/k. The environment (c) of Series II, which is located close to this special point, is thus characterized by simultaneously the smallest facet and edge energies and provides the optimal conditions for an efficient reduction of the energy gap between particles of different shape and thus for stabilization of anisotropic NPs.
While changes in excess energies of MC and MT particles follow essentially similar trends as a function of (e, p), the energy dispersion between these two types of particles changes along the two considered series. This comes from the fact that the shape of MT NPs is driven not only by the energy of facets and edges, but also by those of the twinning planes and the five-fold line defect. The latter do not depend explicitly on the environment, but their impact on the shape and stability of MT particles increases when the facet and edge energies become small. As a consequence, contrary to the vacuum conditions, where the critical size for stability inversion between decahedral (isotropic MT) and truncated octahedral (isotropic MC) particles is larger than 3000 atoms, 32 in the considered environments, the MT particles are systematically less stable than the MC ones. However, the unfavorable effect of the MT particle core structure is small for rod-like shaped MT particles [e.g., environments (C) and (c)] due to a substantial reduction of the twinning plane size.
At small sizes (N o 1000 atoms), stability changes between isotropic and anisotropic NP shapes may have a different origin. In that size range, the optimal ratio of edge to surface atoms cannot be obtained whatever is the value of N, but rather at a discrete set of magic sizes only, as discussed already in the past for both unsupported and oxide-supported transition metal and noble clusters. 37 This constraint gives rise to an oscillatory behavior of excess energies, Fig. 8 , particularly well pronounced for the smallest particles, representative of the nucleation and very early growth stages. The same is true for strongly coordination-dependent environments, where a small change in N provokes a relatively important modification of the ratio of edge to surface atoms. In such cases, the difference in magic sizes between isotropic and elongated particles produces changes in their excess energy dispersion and their relative stability as a function of particle size. This gives a strong thermodynamic preference for the type and abundance of co-existing particles. Moreover, it suggests a possibility of tuning the initial shape of critical nuclei by the modification of nucleation size, via e.g., the supersaturation value.
Before concluding, we would like to point our that, very recently, the present model has successfully accounted for the existence of different types of elongated MT gold particles (either nanorods or bipyramids), synthesized in a CTAB solution in the presence or in the absence of silver(I), by an adequate choice of parameters e and p. 38 
Conclusion
In this study, relying on a many-body potential approach for the description of transition or noble metal NPs interacting with an environment, we have sketched the behavior of energetics, shapes and morphologies of gold NPs as a function of the strength and nature of the metal-environment interaction. Thanks to the particular focus on two series of environments, we have highlighted conditions which enable a reduction of the energy difference between isotropic and elongated gold NPs, and which are thus propitious for the thermodynamic co-existence of these two types of NPs. The results of atomistic simulations on monocrystalline and multi-twinned particles have been rationalized with arguments involving the dependence of facet and edge energies on the environment.
We have shown that increasing the strength of the metalenvironment interaction always leads to a reduction of surface and edge energies, thus bringing the relative stability of large isotropic and anisotropic NPs closer to one another. The most favorable situation was found in the case of pair-wise metalenvironment interactions, characterized by simultaneously small facet and edge energies and providing the optimal conditions for an efficient reduction of the energy gap between particles of different shapes. Conversely, in strongly coordination-dependent and covalent-like environments the ratio between surface and edge energies changes as the interaction strength increases. Especially in the latter case, this results in a much less pronounced bias for stabilization of anisotropic particles.
We have found that in most considered environments, the multi-twinned particles are systematically less stable than the monocrystalline ones, because the destabilizing effect of twinning planes becomes more pronounced upon reduction of the surface and edge energies. However, since this unfavorable effect is small in rod-like particles, the overall stability of 
View Article Online
This journal is © the Owner Societies 2015
Phys. Chem. Chem. Phys., 2015, 17, 6305--6313 | 6313 elongated MT particles improves with an increase in metalenvironment interaction strength. For smaller particles, we have highlighted an oscillatory behavior of the energy differences between isotropic and anisotropic NPs as a function of particle size. Assigned to the different magic sizes of different types of particles, it is particularly important in strongly coordination-dependent environments, and gives a strong thermodynamic bias for a co-existence of the two types of particles at the nucleation and early growth stages.
Our results show that, by determining the abundance and diversity of particles nucleated in solution, thermodynamics may constitute an important force influencing their final shape. They provide firm grounds for simulations of particle growth and discussion of kinetic factors which influence particle shapes.
